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Abstract 
The high cost of CO2 capture is the one of most important barriers to large-scale CCS deployment. Impure CO2 geological 
storage might be a cost-effective way to cut down the total cost of CCS by lowering the requirement of CO2 capture or revenue-
adding impurities. Primary cost analysis shows that injection of CO2 containing some part N2 might cut down the total CCS cost 
by lowing the capture requirement of CO2. Based on PVT characters of N2-CO2 mixture, viscosity, relative permeability, 
capillary pressure model, hydraulic dispersion, geochemistry and COMSOL-Multiphysics software, the simulation tool is 
established and the migration process of N2-CO2 mixture in sandstone core was studied by the tool. The numerical simulation 
have shown that preferential CO2 solubility in brine compared to that of N2 results in CO2 being stripped off at the leading edge 
of the displacement front of fluid mixture containing N2 that advances through the aqueous phase. The chromatographic 
partitioning process of CO2 in gas phase can separate nitrogen and trap CO2 in aquifer during preferential flow process, which 
caused by preferential solubility and mineral trapping during the CO2 displacement process. The impact of N2 will affect the 
migration of CO2 plume, especially the migration front a lot underground. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction
CCS is regarded as an effective, large-scale, potential cost-effective, fossil energy-compatible, high technical-
maturity option to reduce CO2 emissions from the use of fossil fuels. CCS is particularly important to China, due to 
its large and rapidly rising emissions, high dependence on fossil fuel and large remaining coal reserves. There is a 
huge storage potential through aquifer storage; the capacity is about 2600Mt/y in the first 20-years period, from 
$0/tCO2 to approximately $10/tCO2 (no capture cost). The vast majority of storage potential is offered by the large 
and high capacity deep saline sedimentary formations[1]. The CCS technology faces a number of barriers to large-
scale deployment, such as high cost of CO2 capture. The possibility of co-injecting other gaseous compounds (e.g., 
NOx, SOx, H2S, O2, N2 et al) - present in the gas stream as a result of the capture process - together with CO2 is 
currently considered for economic reasons [2].  
On one hand, lowing down the capture requirement of CO2 might cut down the high capture cost dramatically and 
increase storage cost slightly. Primary cost analysis shows that injection of CO2 containing some part N2 might cut 
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down the total CCS cost by lowing the concentration of CO2. On the other hand, many industrial processes generate 
exhaust gas streams containing high purity CO2 (CO2 concentration>80%, the impurities mainly is Nitrogen).This 
combination of high purity CO2 emission sources with storage sites would provide early opportunities for large-
scale deployment of CCS.  
The impact of each impurity has to be studied and evaluated; especially some impurities are different with CO2 
chemically and physically. Many studies have focused on the migration, geochemical and long-term trapping 
mechanism of CO2-rich gas with some impurities, such as H2S and SO2 [3-11]; however, there is very little paper 
focusing on the effect of N2. This paper present some primary results on the trapping mechanism and migration 
process in the aquifer storage of CO2 stream containing N2.  
2.  Description of physical modeling 
Based on PVT characters of N2-CO2 mixture, density, viscosity, relative permeability, capillary pressure model, 
reactive-transport model, and so on, the basic multi-phase multi-component flow-reactive-transport equations are 
written. The assumptions attempt to grasp the major mechanism of gas mixture migration. The basic assumptions 
are as follows: (1) the migration process of fluid in aquifer as the continuous wetting phase (water) and non-wetting 
(gas) phase flow process; (2) the rock mass is an elastic material; (3) ignore the change of temperature change 
during storage process; (4) ignore the capillary pressure variation under condition of components variation in gas 
phase; (5) ignore the water vapor in gas phase;(6) ignore the TDS effect on the solubility of CO2 and viscosity 
coefficients in aqueous phase; (7) Only small temporal scale chemical reaction is considered in the modelling. 
2.1. Basic equation for multiphase fluid flow᧶ 
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The two phases, the wetting one and the non-wetting one are coupled by capillary pressure. The capillary pressure is 
given by 
      pc= pnw - pw                                                                                                  (5) 
In addition, the sum of wetting and non-wetting phase saturations has to be equal to one      Sw + Snw = 1             (6) 
         ˳ = ˳0+ cr( pw – pr)                                                                                     (7) 
Initial boundaries are defined as᧶ 
Pressure boundary               0)0,,,( pp zyx                                                                             (8) 
Initial pressure distribution             ),,,(),,,( tzyxptzyxp                                                                  (9) 
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Flow velocity vector of fluid is defined as 
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where kij is absolute permeability coefficient of rock (m2),  is the phase of fluid (in the form of w or nw,  represent 
wetting or non-wetting phase),  is the dynamic viscosity of phase (Pa.s);  kij is the absolute permeability tensor of 
porous media (m2); kr is the relative permeability of phase ;  is the porosity; 0 is the porosity under referent 
confinement; xi is ith axis; p is the pressure of phase (Pa);  is the volumetric water content (m3/m3)᧷* is the 
density of  fluid in sink or source term (kg/m3), t is time (s), q is the  phase fluid flux of sink or source terms,  
including chemical reaction, dissolve/release, and phase change(m3/m3.s); S is the saturation of  phase᧷ are the 
density of  phases (kg/m3)᧷g is the acceleration of gravity ( m2/s); cr is the compressibility of rock mass ( Pa-1) ; 
Initial conditions are as following᧶  
Initial pressure distribution᧶               0)0,,,( pp zyx                                                                         (12) 
Pressure boundary᧶            ),,,(),,,( tzyxptzyxp                                                              (13) 
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2.2. Basic equation for solute transport  
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where Cn is the concentration of solute n in  phase (mol/L); Sn is the concentration of nth solute on solid phase 
(mol/L); Vi is the flow velocity of  phase in ith direction (m/s)᧷KnᇬKsn are the reaction rate of nth solute in  
phase and solid phase respectively, Dij(Sw) is the mechanical dispersion tensor in  phase(m2), to account for both 
transverse and longitudinal dispersivities, respectively; Dm(Sw) is the molecular diffusion coefficient in  phase 
(m2.s-1)᧷* is fluid density of  phase fluid (kg/m3)᧷q is the  phase fluid flux of sink or source terms (m3.m-3.s-1)
᧷Cn* is the nth species concentration  phase fluid of sink or source terms. 
Initial solute concentration in liquid phase:    
0( , , ,0)n nx y z C C                                                     (16) 
Initial solute concentration in solid phase:     
0( , , , 0)n nx y z S S                                                      (17) 
Initial concentration distribution:                  ( , , , )n nC C x y z t                                                        (18) 
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Mechanical dispersion coefficient in wetting or non-wetting phase can be calculated as follows: 
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Effective molecular diffusion coefficient     2
0m mD D! ! !# $                                             (21) 
where ij is the Kronecker delta, ij=1, i=j, ij =1, ij; L, Tare the longitudinal and transverse dispersivities᧷Vi is 
the velocity component in ith direction; V is the absolute average velocity of fluid; Dm0 is the molecular diffusivity of 
solute (m2); Dm is the apparent molecular diffusivity of solute including tortuosity effects;  is the tortuosity factor of 
porous medium, 1~3 generally. Mechanical dispersion coefficient can be simplified as the linear relationship with 
phase saturation. 
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Taking the leaching reaction process as reversible or dynamic equilibrium, the interaction between rock and 
chemistry in water phase can be written as follows: 
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where Cn is the nth species in  phase, Sn is the nth species on solid phase, kn is the adsorption rate of nth species, kdn is 
the linear distribution coefficient of nth species between solid phase and liquid phase, Ksn/Kn are the chemical 
reaction rate of nth species on solid surface and in  phase respectively. 
The rock-water interaction can be described as follows: 
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The dissolve process of species i in non-wetting phase    nwi nwi wi wi nwi nwiC t ks C CS K C                       (27) 
The change of species i in wetting phase          wi wi wi wim t ks C CS                                       (28) 
Where CSi is the saturation concentration of species i in  phase(mol/m3), The relationship between the effective 
saturation of water phase and capillary pressure pc is obtained from Van Genuchten’s model [5]. 
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The relationships between the saturations and relative permeability are obtained from Mualem and Corey model.  
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where Hc is capillary pressure head, Hc=pc/(pw.g); Cp is the specific capacity for wetting phase; wres and ws are the 
residual and saturated water contents᧷ Sw is the water saturation; Swres is the residue water saturation; pc is the 
capillary pressure. , M, N, and L are the four Van Genuchten constants, which can be determined from 
experiments. 
2.3. Basic characters of CO2-N2 mixture 
The PVT data of CO2-N2 mixture is calculated by Peng-Robinson correlation (1976), the dynamic viscosity of gas 
mixture is calculated by Pedersen and Fredenslund viscosity correlation (1987). Some data is taken from the website 
UL: http://webbook.nist.gov/chemistry/fluid/. 
2.4. CO2-rock-water interaction    
Kinetic mineral dissolution/precipitation reactions were assumed to be governed by Transition State Theory. The 
kinetic reactions used in the simulations are shown in Table 2. Values for the equilibrium coefficients were taken 
from the PhreeqcI database and published work. The reaction rates were calculated using a general kinetic rate law 
[7, 12]᧶ 
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where rm is the reaction rate (mol.s-1), k is the intrinsic rate constant in (mol.m-2.s-1), A is the specific reactive surface 
area per kg H2O(m2),  and 	 are the pH power law coefficient. Km is the equilibrium constant for the mineral-water 
reaction written for the destruction of one mole of mineral, and Qm is the reaction quotient. The parameters  and 	 
must be determined by experiment, but are commonly set equal to unity when experimental quantification is 
unavailable. The precipitation of secondary minerals is represented using the same kinetic expression as for 
dissolution. Chemical reaction rate in small temporal scale was considered in the simulation for the great impact on 
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migration process and trapping mechanism of CO2 during the injection period. The other long-term chemical 
reaction is not used in this study. 
Table 1  Equilibrium Reactions Used in Reactive Transport Simulations[13] 
Kinetic Reaction Log Equilibrium Coefficient Kinetic Reaction Log Equilibrium Coefficient 
CO2(aq) + H2O= HCO3- +H+ -6.266 MgHCO3(aq) = Mg2+ + HCO3- -1.13 
CaCO3(aq)+ H+ =Ca2+ + HCO3- 6.54 MgSO4(aq) = Mg2+ + SO42- -2.76 
CaHCO3+ = Ca2+ + HCO3- -1.13 CO2 + H2O = HCO3- + H+ 6.351 
CaSO4(aq) = Ca2+ + SO42- -2.23 CO2 + H2O = CO32-+ 2H+ 16.681 
MgHCO3(aq) = Mg2+ + HCO3- -1.13 HCO3-  = H+ + CO32- 10.329 
CaMg(CO3)2 = Ca2+ + Mg2+ + 2CO32- -17.09 CaCO3 = Ca2++ CO32- -8.48 
Table 2  Kinetic Reactions Used in Reactive Transport Simulations [13-15]  
 Kinetic Reaction Intrinsic Rate Constant 
k0, mol.m-2.s-1 
Activation Energy 
 Ea, kJ.mol-1 
Anhydrite = Ca2+ + SO42- 2.07×10-1 14.3 
Calcite = -H+ + Ca2+ +HCO3- 2.03×10-2 23.5 
Dolomite =-2H++Ca2+ + Mg2+ + 2HCO3- 4.13×10+1 52.2 
Magnesite= -H+ + Mg2+ +HCO3- Set to Calcite Set to Calcite 
3.  Numerical simulation tool by COMSOL-Multiphysics 
Based on PVT characters of N2-CO2 mixture, viscosity, relative permeability, capillary pressure model, 
geochemistry, and COMSOL-multi-physics software 3.5a, the numerical simulation tool is established and the 
migration process of fluid mixture underground was studied with the model. The main goal of the development of 
this case with this tool was to demonstrate the effect of nitrogen on the migration process of CO2. 
4. Numerical simulation of gas mixture migration process  
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Detailed problem specifications are given below; they include 
system geometry, elements properties (injection boundary and 
free boundary), initial and boundary conditions. This problem 
explores the CO2 flow within well from CO2 geological storage. 
2D flow geometry has been used. Flow and transport equations 
were solved numerically with the finite element code. For the 
cases, the flow domain was discretized into 120 elements of 
different length in the horizontal direction (shown in Error! Reference source not found.). The initial pressure of 
saline formation is 12Mpa. The basic characters of CO2/N2 mixture used in this study are shown in Fig 2~Fig 3. 
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Fig 2. Density  and Z factor of N2/CO2 mixtures (500C) 
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Fig 3. Viscosity Coefficient and Solubility of CO2/N2 Mixture (500C)  
Table 2. Basic Hydraulic Characters of Geological Formation 
Porosity 
(%) 
Permeability 
Coefficient 
(mD) 
Longitude 
Dispersion 
coefficient 
(m) 
Transverse 
Dispersion 
coefficient 
(m) 
Gas molecular 
diffusion 
coefficient 
(m2/s) 
Molecular 
diffusion 
coefficient  water 
(m2/s) 
Residue 
water 
content 
r 
Saturate 
water 
content 
s 
 
(m-1) 
n 
27 100 0.05 0.005 1×10-6 1×10-9 0.05 0.30 1.8 1.84 
Table 3. Chemical Component of In Situ Water in Sandstone Formation 
Context HCO3- CO2 Cl- Ca2+ Mg2+ K+-Na+ TDS pH temperature 
Content/mg·L-1 2437.69 7.46 305.8 22.62 23.45 1216 3.20g·L-1 7.4 500C 
 Table 4  Mineralogical Composition of Sandstone Formation in the Case Studied  
Sandstone permeability=100mD  
25.4mm
Injection rate 1E-7m/s 
Horizontal injection well 
Fig 1. Schematic map of case studied 
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Mineral used in the model Mol fracture(kmol/m3) Chemical composition 
Calcite 0.00225 CaCO3 
Magnesite 0.0002 MgCO3 
Dolomite 0.0003 CaMg(CO3)2 
5. Results and discussion 
The main simulation results of this study are shown in Fig 4~Fig 5.   
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Fig 4. Gas concentration distribution in the gas phase and aqueous phase 1(0.3m core scale simulation, at time of 12h, injection rate 1e-7m/s) 
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Fig 5. Gas concentration distribution in the gas phase and aqueous phase  (a the CO2 concentration at different CO2 purities; b the N2 
concentration at different CO2 purities;(10m core scale simulation, at time of 35d, injection rate 1e-7m/s) 
 
1 Mole concentration = the mol concentration in gas phasethe saturation of gas phase 
4320 N. Wei, X.C. Li / Energy Procedia 4 (2011) 4314–4322
8 N Wei / Energy Procedia 00 (2010) 000–000 
Fig 5 have shown that preferential CO2 solubility in brine compared to that of N2 results in CO2 being stripped off 
at the leading edge of  CO2/N2 mixture that advances through the aqueous phase. Injection of CO2/N2 mixture will 
decrease the storage capacity in geological formation, for low density of gas mixture at some injection rate. 
Fig 5 shows that the higher the fraction of the impurity (N2) in the injection stream is, earlier the breakthroughs of 
both CO2 and N2 are, and larger the time lag between the two breakthroughs is, likely due to the fact that the rock 
and water becomes saturated with CO2 faster physically and chemically under lower CO2 partial pressure. 
The high solubility, mineral trapping, hydrodynamic dispersion, preferential flow and the heterogeneity of 
sandstone in aqueous phase help the gas mixture to form chromatographic partitioning process of CO2 and N2 which 
will enlarge in the long distance migration (the different between Fig 4 and Fig 5 prove that); the impact of N2 will 
affect the migration of CO2 plume, especially the migration front a lot underground.  
Injection of supercritical CO2 into formations containing carbonate minerals will affect the properties of the host 
rock and overlying caprock due to dissolution of the primary carbonate minerals and possible precipitation of 
secondary minerals. The nitrogen in migration front might help to release the strong chemical reaction of CO2 and 
affect the migration process. 
The chromatographic partitioning process of CO2 in free or dissolved form can separate nitrogen and trap CO2 in 
deep saline aquifer by solubility and short-term reaction during long distance migration process, especially the large 
scale geological formations with high heterogeneity. The large scale migration will be studied in the future. 
Other in-situ conditions, not studied here, such a heterogeneity and rock mineral composition and buoyancy force, 
et al, will also affect the partitioning of the CO2 contained in a stream of N2 injected into a deep saline aquifer. 
These results are important in establishing monitoring strategies at CO2 storage sites and in evaluating the risks 
associated with the possible leakage of injected CO2 containing N2 (and/or other impurities). This will be researched 
in the further study. 
6. Conclusions 
As a conclusion, based on PVT characters of N2-CO2 mixture, viscosity, relative permeability, capillary pressure 
model, hydraulic dispersion, geochemistry and COMSOL-Multiphysics software, the simulation tool is established 
and the migration process of N2-CO2 mixture in sandstone core was studied by model. The numerical simulation 
have shown that preferential CO2 solubility in brine compared to that of N2 results in CO2 being stripped off at the 
leading edge of the displacement front of fluid mixture containing N2 that advances through the aqueous phase. The 
chromatographic partitioning process of CO2 in gas phase can separate nitrogen and trap CO2 in aquifer during 
preferential flow process, which caused by preferential solubility and mineral trapping during the CO2 displacement 
process. The impact of N2 will affect the migration of CO2 plume, especially the migration front a lot underground. 
7. Future Research 
The numerical simulations have highlighted the impact of N2 on the migration of CO2-rech gas in aquifer, and 
there are numerous additional areas for future research on the effect of nitrogen on the migration of aquifer storage. 
With the model used in this study is significantly updated, better understanding of storage process, mechanism and 
other factors impacting the migration of CO2 will be important to consider.   
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